Fusion between the membrane of HIV and the membrane of a host cell is a crucial step in HIV infection and is catalyzed by the binding of the fusion peptide domain (HFP) of the HIV gp41 protein to the host cell membrane. The HFP by itself induces vesicle fusion and is a useful model system to understand the fusion peptide/host cell membrane interaction. This article reports an experimental correlation between the membrane locations of different HFP constructs and their fusogenicities. The constructs were the HFP monomer with Val-2 to Glu-2 mutation (HFPmn_mut), wild type HFP monomer (HFPmn), and wild type HFP trimer (HFPtr). All constructs have predominant ␤ sheet structure in membranes with physiologically relevant cholesterol content. HFPmn_mut does not fuse vesicles, HFPmn has moderate fusion rate, and HFPtr has the putative oligomerization state of HIV gp41 and a very rapid fusion rate. The HFP membrane locations were probed with solid-state NMR measurements of distances between labeled carbonyl ( 13 CO) nuclei in the HFP backbone and lipid nuclei in the surface or interior regions of the membrane bilayer. HFPmn_mut is located at the membrane surface, HFPmn is inserted into a single membrane leaflet, and HFPtr is the most deeply inserted construct with contact with the center of the membrane. These results show a clear positive correlation between the insertion depths and the fusion activities of the HFP constructs. Other disease-causing enveloped viruses contain fusion peptides and this correlation may be a general structure-function model for these peptides.
Fusion between the membrane of HIV and the membrane of a host cell is a crucial step in HIV infection and is catalyzed by the binding of the fusion peptide domain (HFP) of the HIV gp41 protein to the host cell membrane. The HFP by itself induces vesicle fusion and is a useful model system to understand the fusion peptide/host cell membrane interaction. This article reports an experimental correlation between the membrane locations of different HFP constructs and their fusogenicities. The constructs were the HFP monomer with Val-2 to Glu-2 mutation (HFPmn_mut), wild type HFP monomer (HFPmn), and wild type HFP trimer (HFPtr). All constructs have predominant ␤ sheet structure in membranes with physiologically relevant cholesterol content. HFPmn_mut does not fuse vesicles, HFPmn has moderate fusion rate, and HFPtr has the putative oligomerization state of HIV gp41 and a very rapid fusion rate. The HFP membrane locations were probed with solid-state NMR measurements of distances between labeled carbonyl ( 13 CO) nuclei in the HFP backbone and lipid nuclei in the surface or interior regions of the membrane bilayer. HFPmn_mut is located at the membrane surface, HFPmn is inserted into a single membrane leaflet, and HFPtr is the most deeply inserted construct with contact with the center of the membrane. These results show a clear positive correlation between the insertion depths and the fusion activities of the HFP constructs. Other disease-causing enveloped viruses contain fusion peptides and this correlation may be a general structure-function model for these peptides. NMR ͉ enveloped virus ͉ AIDS ͉ trimer ͉ location L ike many viruses that cause human disease, HIV is enveloped by a membrane obtained during virus budding from a previously infected host cell and infection of a new cell requires fusion between the viral membrane and the cell membrane. Fusion is catalyzed by the HIV fusion protein gp41, which has Ϸ170 ectodomain residues outside the virus including a Ϸ20-residue N-terminal fusion peptide (HFP) that binds to target cell membranes (1) . Studies of HIV with a truncated or mutated HFP showed that the HFP is crucial in the fusion process (2, 3) . Functionally critical fusion peptides are also found in fusion proteins of other enveloped viruses such as influenza and Ebola (1) . Chemically synthesized peptides with HFP sequences have been developed as fusion model systems and provide information about HFP perturbation of target membranes. Free HFPs induce vesicle fusion and there are strong correlations between the mutation/activity relationships of HFP-induced fusion and HIV/host cell fusion (3) .
There have been some number of HFP structural studies, but in our view, there have not yet been clear correlations between HFP structure and fusogenic function. For example, membraneassociated HFP can adopt either helical or ␤ strand conformation and there has been effort to determine a correlation between conformation and fusogenicity. However, this work has resulted in conflicting models such as: (i) the helical conformation is fusogenic and the ␤ strand conformation is nonfusogenic (4); (ii) the ␤ strand conformation is fusogenic and the helical conformation is nonfusogenic (5) ; (iii) a transient random coil conformation is fusogenic (6) ; and (iv) both the helical and ␤ strand conformations are fusogenic (7) . In the present study, the structural focus is on HFP membrane location rather than conformation and a clear correla-tion is observed between depth of membrane insertion and fusogenicity. In addition, this article describes a general solid-state NMR method for determining the membrane location of a peptide or protein that is an alternative to existing EPR or fluorescence membrane location methods (8) (9) (10) . Table 1 displays the sequences of the three HFP constructs of the present study. There are large differences in the rates and extents of vesicle fusion induced by these constructs. The wild-type HFP monomer (HFPmn) induces fusion with moderate rate (7) . HFPmn with the V2E mutation denoted HFPmn_mut does not induce vesicle fusion and was chosen because viruses and cells expressing gp41 V2E mutant have greatly impaired fusion and infectivity (2, 11) . Relative to all wild-type gp41, a 10:1 mixture of wild-type:V2E gp41 shows only 40% fusion which suggests that fusion requires assembly of many gp41s with wild-type fusion peptides. The highresolution structures of the soluble ectodomain of gp41 which lacks the HFP are trimeric and suggest that HFP trimers insert into the target cell membrane (1) . The putative functional significance of trimers is supported by the 15-40-fold higher vesicle fusion rates of the chemically cross-linked HFP trimer (HFPtr) relative to HFPmn (7) . Thus, the fusion rates are ordered HFPmn_mut Ͻ HFPmn Ͻ HFPtr and the present study examines the structures and membrane locations of these constructs with correlation to their very different fusogenicities.
HFPmn structure has been studied in detergent micelles by liquid-state NMR and for HFPmn:detergent mol ratio Յ0.02, helical conformation has been observed (4, 12) . The conformation of HFPs in membranes is modulated by the HFP:lipid mol ratio and the membrane composition (3, 8, 10) . In the present HFP study, the membranes contained Ϸ30 mol% cholesterol which correlated with the Ϸ30 and Ϸ45 mol% cholesterol in membranes of host cells of HIV and in membranes of HIV, respectively (13) . In this composition, solid-state NMR data supported a fully extended ␤ sheet conformation for the Ala-1 to Gly-16 region of HFPmn with crossing of adjacent hydrogen bonded HFPmns near Phe-8 and Leu-9 (14) .
The membrane locations of HFPs have been studied by using both experimental and computational methods. Fluorescence studies of HFPmn suggested that the indole group of a HFPmn F8W mutant is inserted in the membrane and located approximately midway along the bilayer longitude between the bilayer center and the phosphate headgroups (9, 10) . In addition, an EPR study of HFPmn was consistent with an Ala-1 location close to the aqueous phase (8) . A solid-state NMR study of HFPmn and HFPtr showed that for a large fraction of both constructs, the Ala-15 carbonyl ( 13 CO) nuclei are 5-6 Å from 31 P nuclei in the lipid headgroups (15) . This result was obtained both for helical HFPs in membranes which lacked cholesterol and for ␤ strand HFPs in membranes with cholesterol. Simulations have been carried out for a single HFPmn molecule in a membrane and showed predominant ␣ helical conformation. There was disagreement among the simulation studies about the membrane insertion depth of HFPmn with reports of either shallow insertion into a single leaflet or traversal across both membrane leaflets (16, 17) .
In the present work, a systematic study of membrane location as a function of residue position has been carried out for HFPmn_mut, HFPmn, and HFPtr. Solid-state NMR 13 CO-31 P rotational-echo double resonance (REDOR) measurements detected distances between labeled 13 CO nuclei in the HFP backbone and 31 P nuclei in the lipid headgroups (18) . In addition, 13 CO- 19 F REDOR experiments probed distances between the backbone 13 COs and 19 F substituted for a 1 H at either the terminal C16 or the C5 position of the sn2 acyl chain of DPPC lipid. These 16-19 F or 5-19 F nuclei are respectively positioned at either the bilayer center or along the bilayer longitude midway between the bilayer center and the 31 P nuclei near the bilayer surface. The 13 CO-31 P and 13 CO-19 F distance measurements are combined to determine the membrane location of a particular residue's 13 CO nucleus. Results 13 CO-31 P and 13 CO-(16-19 F) REDOR Reveal Different Membrane Locations for Different HFP Constructs. Fig. 1 displays 13 CO REDOR NMR spectra for some of the membrane-associated HFP samples. The membrane composition was DTPC:DTPG:16-19 F-DPPC: cholesterol in a 8:2:1:5 mol ratio. The ratios HFPmn_mut or HFPmn:total lipid ϭ 0.036 and HFPtr:total lipid ϭ 0.012 where total lipid ϭ (DTPC ϩ DTPG ϩ 16-19 F-DPPC). Thus, all samples had the same peptide strand:lipid mol ratio. The ether-linked DTPC and DTPG lipids were used because they lacked ester 13 COs whose signals would overlap with the HFP 13 CO signals. Use of ether-linked rather than ester-linked lipids does not affect HFP structure (14) .
Each HFP construct contained a single 13 CO label at either Ala-1, Ile-4, Ala-6, Leu-9, Leu-12, Ala-14, or Ala-21, and a construct is denoted HFPmn_mut-A1, HFPmn-A1, HFPtr-A1, etc. Residues 1-16 are in the apolar region of the HFP sequence whereas Ala-21 is in the more polar C-terminal region. The local conformation at each labeled residue in each construct was probed through comparison of the peak 13 CO chemical shift with characteristic chemical shift distributions in helical or ␤ strand conformations (supporting information (SI) Table S1). All of the peak shifts agree better with ␤ strand than with helical conformation. There may be a Ϸ30% population of helical HFPmn_mut as evidenced by a shoulder at Ϸ180 ppm for samples labeled at Ala-6, Leu-9, or Leu-12. The typical linewidth for samples labeled between Ala-1 and Ala-14 is 3-5 ppm whereas the linewidth for samples labeled at Ala-21 is Ϸ8 ppm (SI Text). The overall conclusions of the analysis of the chemical shifts and linewidths are predominant 1 . REDOR 13 C S0 and S1 NMR spectra for samples with different labeled HFPs. The dephasing time for each 13 CO-31 P spectrum was 32 ms and for each 13 CO- 19 F spectrum was 24 ms. The membranes included 9 mol% 16-19 F-DPPC lipid. Each spectrum was the sum of Ϸ30,000 scans for 13 CO-31 P experiments and Ϸ20,000 scans for 13 CO- 19 F experiments.
␤ strand conformation for the N-terminal apolar regions of all three constructs and more disordered structure in the C-terminal polar regions.
The REDOR NMR spectra also provided information about the proximity of the labeled 13 CO nucleus in the HFP to the 31 P or 19 F nuclei in the membrane lipids. In particular, ''d '' or the magnitude of the 13 CO-31 P or 13 CO-19 F dipolar coupling was probed and is structurally significant because d for a single spin pair is quantitatively related to the internuclear separation (SI Text). During acquisition of the ''S 1 '' REDOR spectrum, the 13 C magnetization evolved for the dephasing time '' '' under the effect of the dipolar coupling. The ''S 0 '' spectrum served as a reference for which the time average of the dipolar evolution was zero. The effect of the dipolar coupling was observable in the reduced intensity of the S 1 spectrum relative to the S 0 spectrum ( Fig. 1 ). For each S 0 and S 1 spectrum, a 1 ppm interval around the peak was integrated and the integrals were denoted as ''S 0 exp '' and ''S 1 exp ,'' respectively. The experimental dephasing (⌬S/S 0 ) exp ϭ (S 0 exp Ϫ S 1 exp )/S 0 exp was then calculated and d determined from analysis of (⌬S/S 0 ) exp vs. . Subsequent sections of this article describe this quantitative analysis with accompanying detailed description of HFP membrane location. However, a qualitative picture of membrane location is first obtained based on the (⌬S/S 0 ) exp of the 13 CO-31 P and 13 CO- (16) (17) (18) (19) F) experiments at large (Fig. 2 ). The 31 P and 16-19 F lipid nuclei are respectively located near the surface and the center of the membrane. The analysis of membrane location assumes that all of the constructs have the known HFPmn structure in which the Ala-1 to Gly-16 region is fully extended and a large fraction of HFPs assemble into an antiparallel ␤ sheet structure with adjacent strand crossing near Phe-8 and Leu-9 (14) . The ␤ sheet structure is supported by the similar 13 CO shifts for a given residue among the different constructs (Table S1 ).
In Fig. 2 , one example observation is that all constructs labeled at Ala-1 have 13 CO-31 P (⌬S/S 0 ) exp Ϸ 0.8. This observation is interpreted to mean that a major fraction of Ala-1 13 COs are 5-6 Å from a 31 P (19) . In some contrast, the HFPmn-L9 and HFPtr-L9 samples displayed 13 CO-31 P (⌬S/S 0 ) exp Ϸ 0 which is interpreted to mean that most of these Leu-9 13 COs are Ͼ10 Å from a 31 P. This type of analysis of Fig. 2 leads to the following general conclusions about the HFP membrane locations: (i) All HFPmn_mut samples have 13 CO-31 P (⌬S/S 0 ) exp Ͼ 0.3 and 13 CO-(16-19 F) (⌬S/S 0 ) exp Ϸ 0 which indicates that HFPmn_mut lies on the membrane surface near the phosphate headgroups and is far from the bilayer center.
(ii) The HFPmn and HFPtr samples with Ala-1 or Ala-14 labeling show 13 CO-31 P (⌬S/S 0 ) exp Ͼ 0.5 and 13 CO-(16-19 F) (⌬S/S 0 ) exp Ϸ 0. These residues are near the ends of the ␤ sheet structure and are close to the phosphate headgroups. (iii) The HFPtr-A6 and HFPtr-L9 samples have 13 CO-31 P (⌬S/S 0 ) exp Ϸ 0 and 13 CO-(16-19 F) (⌬S/S 0 ) exp significantly Ͼ0. This suggests that the interior residues of the HFPtr ␤ sheet are close to the bilayer center; i.e., a significant fraction of HFPtr is deeply inserted in the membrane. (iv) HFPmn samples labeled at Ile-4, Ala-6, or Leu-9 have 13 CO-31 P (⌬S/S 0 ) exp and 13 CO-(16-19 F) (⌬S/S 0 ) exp Ϸ 0 which suggests that these interior ␤ sheet residues are neither close to the headgroups nor to the bilayer center and are instead located midway between these two regions. Fig. 3 displays the membrane location models based on these analyses. Fig. 4 displays plots of (⌬S/S 0 ) exp vs. for samples labeled at Ala-1, Ala-6, or Ala-14. These residues were selected to represent the N-terminal, middle and C-terminal parts of the apolar region of In all models, peptides are represented as oligomers with either six (HFPmn and HFPmn_mut) or two (HFPtr) molecules. The strands are in antiparallel ␤ sheet structure with adjacent strand crossing near Phe-8 and Leu-9. This is the known structure for a large fraction of HFPmn peptides (14) . The number of strands in a sheet is not known but is likely a small number (19) . For clarity, not all lipid molecules are shown near the HFP.
the HFP sequence. These plots support the qualitative discussion of membrane location of the previous paragraph. The samples labeled at Ala-1 ( Fig. 4 A and D) have 13 CO-31 P (⌬S/S 0 ) exp that increase rapidly with whereas the 13 CO-(16-19 F) (⌬S/S 0 ) exp Ϸ 0 for all . After removal of natural abundance 13 C contributions from the 13 CO-31 P (⌬S/S 0 ) exp (SI Text), the remaining (⌬S/S 0 ) lab reach Ϸ1 at large . The (⌬S/S 0 ) lab represent only the Ala-1 13 CO signals and the value of Ϸ1 indicates that the N termini of all constructs are close to the phosphate headgroups (18, 20) . These N termini are likely positively charged and are therefore attracted to the negatively charged phosphates. Samples labeled at Ala-14 ( Fig. 4 C and F) show similar large 13 CO-31 P (⌬S/S 0 ) exp and 13 CO-(16-19 F) (⌬S/S 0 ) exp Ϸ 0 indicating proximity to the phosphate headgroups. However, at large , the 13 CO-31 P (⌬S/S 0 ) lab Ͻ 1 which might be explained by a fraction of 13 COs in the interior strands of the ␤ sheet which are far from any lipid molecule and which have (⌬S/S 0 ) ϭ 0. For samples labeled at Ala-6, the CO-31 P (⌬S/S 0 ) exp vary with HFP construct and the 13 CO-(16-19 F) (⌬S/S 0 ) exp also display significant variation ( Fig.  4 B and E) . For example, HFPmn_mut was the only construct with 13 CO-31 P (⌬S/S 0 ) exp significantly greater than zero and HFPtr was the only one with 13 CO-(16-19 F) (⌬S/S 0 ) exp significantly greater than zero. These results revealed that the middle regions of different HFP constructs had different membrane locations. HFPtr had the deepest insertion and induced the most rapid vesicle fusion whereas HFPmn_mut was located on the membrane surface and was the least fusogenic construct.
CO-(5-19 F) REDOR Confirms the HFPmn Membrane Location.
The previous paragraphs suggested that the interior ␤ sheet region of HFPmn was located midway between the headgroups and the bilayer center and more direct evidence was provided by experiments on samples containing 5-19 F DPPC lipid. The location of this 19 F along the bilayer longitude should be close to the position of the C5 carbon to which it is directly bonded. For gel phase DPPC bilayers, C5 is Ϸ10 Å from the 31 P latitude and Ϸ12 Å from the bilayer center, i.e., C5 is located approximately midway across a single membrane leaflet (21) . Although the cholesterol-rich membranes of the present study form a liquid-ordered rather than a gel phase bilayer, the acyl chain conformation is ordered in both phases with the C5 carbon midway between the 31 P and the bilayer center (22) . Fig. 5 shows the REDOR spectra at ϭ 24 ms for samples labeled at Ala-1 and Ala-6 and plots of (⌬S/S 0 ) exp vs. for Ala-6 samples. As a negative control, the sample with HFPmn-A1 ( 13 C S0 and S1 NMR spectra from 13 CO- 19 F REDOR experiments of samples containing 5-19 F-DPPC lipid. For A-D, the samples were respectively made with HFPmn-A1, HFPmn-A6, HFPmn_mut-A6, and HFPtr-A6. The dephasing time was 24 ms and each S 0 or S1 spectrum was the sum of Ϸ20,000 scans. 13 CO-19 F REDOR dephasing curves for different HFP-A6 constructs are plotted in E and the construct symbols are shown in the legend. For 2 ms dephasing time, the typical uncertainty in (⌬S/S 0) exp is Ϯ0.02 and for the other dephasing times, the typical uncertainty is Ϯ0.04. Qiang REDOR data. Fig. 5E shows that among constructs labeled at Ala-6, HFPmn-A6 was the only one with nonzero (⌬S/S 0 ) exp . Similar results were obtained for HFPmn-L9 (SI Text). These data along with (⌬S/S 0 ) exp Ϸ 0 for the 13 Fig. 3 shows experimentally-based membrane insertion models for HFPmn_mut, HFPmn, and HFPtr in antiparallel ␤ sheet structure. The ␤ strand conformation was supported by the 13 CO peak chemical shifts for the labeled residues (Table S1 ) and the antiparallel ␤ sheet structures for HFPmn and HFPtr were based on previous experiments (14, 20) . The depths of insertion follow the trend that HFPmn_mut Ͻ HFPmn Ͻ HFPtr. As described in SI Text, quantitative analysis of the REDOR data were done by first removing the natural abundance 13 CO contributions and then fitting the remaining (⌬S/S 0 ) lab which represent the signals of only the labeled 13 COs. The fitting model was two populations of spin pairs (e.g., two 13 CO-31 P or two 13 CO- 19 F pairs) with one pair having fractional population f and magnitude of dipolar coupling d Ͼ 0 and the other pair having fractional population 1 Ϫ f and d ϭ 0. For a single spin pair, d is quantitatively related to the internuclear distance r by a r Ϫ3 dependence. The existence of the 1 Ϫ f, d ϭ 0 population is ascribed to 13 CO nuclei in the ␤ sheet interior that are far from any region of the membrane and for the 13 CO-19 F data, the dilute 19 F spin density because of the small mol fraction of fluorinated lipid. Because each dataset only contained 4 or 5 points, it was not reasonable to fit the data to more sophisticated structural models, e.g., multiple 31 P nuclei. The two spin pair model was at least reasonable as evidenced by typical best-fit 2 min Ͻ 5. The SI includes tables that summarize the spin pair populations and best-fit internuclear distances for the f fractional populations. A summary of the quantitative data analysis includes: (i) For all HFPmn_mut samples, the best-fit 13 CO-31 P distances are in the 5.0-6.3-Å range. These data and reasonable values of van der Waals radii are consistent with close contact of the ␤ sheet region of HFPmn_mut with the phosphate headgroups. (ii) For HFPmn and HFPtr samples labeled at Ala-1 or Ala-14, the best-fit 13 CO-31 P distances are in the 4.8 -5.9-Å range with best-fit f Ͼ 0.7. For more interior ␤ sheet residues, the (⌬S/S 0 ) lab are small, e.g., Ala-6 or Leu-9, and could not be reliably fitted or the fitted distances are in the 8-to 10-Å range, e.g., Ile-4 or Leu-12. These data suggest membrane insertion of the Ile-4 to Leu-12 region of HFPmn and HFPtr with the termini of the ␤ sheet, e.g., Ala-1 and Ala-14, in contact with the lipid headgroups ( Fig. 3 B and C) . For the HFPmn sample labeled at Ala-21, the best-fit 13 CO-31 P distance is 6.9 Å with f ϭ 0.98 which suggests that the C-terminal region of HFPmn also contacts the headgroups. (iii) For all HFPmn_mut samples and most HFPmn and HFPtr samples, the 13 CO-19 F (⌬S/S 0 ) lab are small and could not be reliably fitted. The exceptions are the samples containing 5-19 F-DPPC lipid and HFPmn-A6 or HFPmn-L9 and the samples containing 16-19 F-DPPC and HFPtr-A6 or HFPtr-L9. The best-fit 13 CO-19 F distances in these samples are in the 6.9 -8.1-Å range and the best-fit f are in the 0.34 -0.39 range. These analyses are consistent with partial membrane insertion of the interior ␤ sheet residues of HFPmn and deeper insertion of HFPtr.
Discussion
Insertion Models of ␤ Sheet HFP Constructs. The membrane location of the HFP provides useful information to understand the perturbation of membranes and the catalysis of membrane fusion. The present study provides residue-specific membrane locations based on solid-state NMR experiments for three HFP constructs with very different fusogenicities. Insertion models for ␤ strand HFPs will be discussed in the context of previous and present work. Earlier solid-state NMR studies on HFPmn showed that relative to the Gly-5 to Gly-13 13 COs, the Ala-1 to Gly-3 and Ala-14 to Gly-16 13 COs were closer to the lipid 31 Ps (15, 19) . Two insertion models were proposed with either insertion into a single leaflet or membrane traversal of both leaflets. Another study focused on the secondary and tertiary structure of HFPmn in membranes with physiologically relevant cholesterol content and supported the formation of small oligomers in an antiparallel ␤ sheet structure with adjacent strand crossing near Phe-8 and Leu-9 (14) . Therefore, Ala-1 to Gly-3 and Ala-14 to Gly-16 were close to one another in adjacent strands of the sheet and were at the termini of the sheet. It was therefore reasonable that both regions could be close to the phosphate groups. All of these results are consistent with the results of the present study and with the HFPmn insertion model present in Fig. 3B . Furthermore, the proximity of interior ␤ sheet residues to 5-19 F but not [16] [17] [18] [19] F lipid nuclei supports membrane insertion into a single leaflet rather than membrane traversal by HFPmn. This partial insertion model is also consistent with earlier fluorescence studies showing proximity of residue 8 of HFPmn to the middle region of a single leaflet (9, 10) . In virus-cell fusion, partial fusion peptide insertion into the outer leaflet of the target cell membrane would likely perturb this leaflet and lead to increased lipid mixing with the viral membrane. Such lipid mixing is thought to be a prerequisite for formation of a fusion pore (1).
In Fig. 3 , HFPmn_mut and HFPtr are also represented by antiparallel ␤ sheet structure. Evidence for this structure includes: (i) earlier 13 CO-15 N REDOR measurements on HFPtr; (ii) peak 13 CO chemical shifts in HFPmn_mut and HFPtr which are typically within 0.5 ppm of the corresponding shift of HFPmn (Table S1) ; and (iii) the large (⌬S/S 0 ) exp for all constructs labeled at Ala-1 or Ala-14 as would be expected for the antiparallel ␤ sheet structure with the strand termini near the phosphate groups (20) . Predominant ␤ sheet secondary structure was also observed in the infrared spectra of peptides with sequences close to that of HFPmn or HFPmn_mut and bound to membranes with large fractions of choline lipids and cholesterol (11) . Unlike HFPmn, HFPmn_mut is primarily located on the membrane surface as evidenced by Figs. 2, 4, and 5, and by the quantitative distance analysis presented in SI Text. It is very interesting that the charged Glu-2 residue near the terminus of the ␤ sheet induces a significant change in HFP membrane location. The HFPtr antiparallel ␤ sheet is most reasonably described with a minimal unit of two HFPtr molecules ''A'' and ''B'' and adjacent antiparallel ␤ strands arranged in an AB-ABAB structure. Because of the close contact of HFPtr Ala-6 and Leu-9 13 COs with the 16-19 F lipid nuclei, it is not possible to discount membrane traversal by HFPtr, i.e., molecules A and B on opposite sides of the membrane. However, the displayed model in Fig. 3C is more consistent with viral fusion in which multiple gp41 trimers would initially bind to the same outer leaflet of the target cell membrane. The Fig. 3C model also correlates with the membrane locations of HFPmn and HFPmn_mut. It is definitive that relative to HFPmn, HFPtr is more deeply inserted in the membrane. This may be related to formation of larger and more hydrophobic oligomers by HFPtr relative to HFPmn.
The present study focuses on membranes with biologically relevant cholesterol content in which all of the constructs have predominant ␤ strand conformation. For HFPmn and HFPtr associated with membranes that do not contain cholesterol, there are significant populations of molecules with helical conformation (15) . Helical conformation is also observed for HFPmn in detergent micelles (4, 12) . There is a reasonable correlation between the location of ␤ sheet HFPs in membranes and the current data on the locations of helical HFPs in membranes and micelles. One point of agreement between all of the data are that in either helical or ␤ strand conformation, the Ala-14 and Ala-15 residues are near the membrane or micelle surface. These residues are on the border between the apolar and polar regions of the HFP sequence which approximately matches the polarity change at the membrane or micelle surface. The location of these residues appears to be an intrinsic property of the HFP sequence that is independent of conformation. For one model of helical HFPmn in a micelle, the Gly-5 to Ala-15 region traverses the micelle interior (12) . This correlates with the similar membrane location of this region in ␤ sheet HFPmn in the present study (Fig. 3B ). Molecular dynamics simulations of a single helical molecule of HFPmn_mut or HFPmn in a membrane show a surface location or shallow insertion, respectively, which correlates with the ␤ sheet HFPs of the present study ( Fig. 3 A and B) (16) .
Biological Relevance of the Membrane Location Studies. Two requirements of virus-cell fusion are assembly of multiple fusion peptides and destabilization of the target cell membrane (1-3) . The present study provides insight into these requirements including a possible link between them. There is a clear positive correlation between the depth of HFP membrane insertion and fusogenicity. The correlation can be understood by a second correlation between depth of membrane insertion and membrane destabilization. For insertion into a single leaflet, there will be perturbation in the packing of lipids near the HFPs which will likely destabilize this region of the leaflet and reduce the activation energy needed to form membrane fusion intermediate states such as stalks and fusion pores (1) . It is reasonable that deeper insertion into a single leaflet will cause greater destabilization and therefore faster fusion rate which correlates with experimental observations for HFPmn_mut, HFPmn, and HFPtr.
For these three constructs, there may also be a positive correlation between number of molecules in the ␤ sheet assembly and depth of membrane insertion. A larger assembly would likely be more hydrophobic and therefore more stable in the membrane interior. Evidence to support this hypothesis includes: (i) HFPtr has the deepest insertion and is preorganized into trimers; and (ii) HFPmn_mut has the shallowest insertion and relative to HFPmn and HFPtr, HFPmn_mut has the greatest helical population which is likely helical monomers (Fig. 1) . Inhibition of HFP oligomeric assembly in HFPmn_mut may be due to charge repulsion between Glu-2 sidechains on different molecules. The HFP assembly/fusion correlation is also supported by virus-cell and cell-cell fusion studies with the gp41 V2E mutant. Viruses or cells expressing 91% wild-type gp41 and 9% gp41 V2E mutant had only 40% of the fusion activity of the corresponding system expressing 100% wildtype gp41 (2). This ''transdominant'' effect suggests that assembly of multiple wild-type HFPs is required for efficient fusion. Consider that ''n'' wild-type HFPs are needed in the oligomer so that (0.91) n ϭ 0.4. The resulting n Ϸ 10 is consistent with multiple HFPs and trimers at the fusion site as shown in Fig. 3 .
In summary, the membrane locations have been determined for three different HFP constructs in membranes with biologically relevant cholesterol content. All three constructs adopt predominant ␤ strand conformation for the N-terminal region and are less structured in the C-terminal region. HFPmn_mut is the least fusogenic construct and is located on the membrane surface. HFPmn has intermediate fusion rate and its Ile-4 to Leu-12 region is inserted into one leaflet of the bilayer. HFPtr is preassembled in the putative trimeric state of gp41 and is the most fusogenic construct with the deepest membrane insertion that extends to the bilayer center. This study therefore correlates membrane insertion depth in a single leaflet and fusion rate and this correlation may be a general structure-function model for enveloped virus fusion peptides. The correlation is reasonably understood in terms of destabilization of the lipid packing. In addition, the present work including use of 5-19 F-DPPC lipid describes a general approach to study the membrane locations of specifically labeled peptides and proteins, and may also be applicable to more uniformly labeled systems with appropriately modified REDOR pulse sequences.
Materials and Methods
5-fluoropalmitic acid, was synthesized by using literature methods and details are provided in the SI. The 5-19 F-DPPC lipid was synthesized by Avanti Polar Lipids using the 5-fluoropalmitic acid. The general protocols for peptide synthesis and NMR sample preparation have been described and a brief summary is provided in SI Text (15, 19) . Solid-state NMR experiments were conducted on a 9.4 T spectrometer. Most of the experimental setup has been described previously and the new parts of the setup are detailed in SI Text (15, 19) . Spectra were processed with 200-Hz Gaussian line broadening and polynomial baseline correction.
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Synthesis of 5-19 F-DPPC
Scheme S1 summarizes the synthesis of 5-19 F-palmitic acid which was used to make 1-palmitoyl-2-(5-fluoropalmitoyl)-sn-glycero-3-phosphocholine (5-19 F-DPPC) (1) (2) (3) (4) (5) . The overall yield of 5-19 F-palmitic acid was Ϸ40% and each step was monitored by using thin layer chromatography with iodine and phosphomolybdic acid as visualization reagents. The intermediate products were purified by using silica gel column chromatography with a mixture of pentane and ethyl acetate as developing solutions. The 5-19 F-DPPC was synthesized by Avanti Polar Lipids.
Reaction conditions in Scheme S1 included: (i) 68.2 g of undecyl bromide in 350 mL of dry diethyl ether was added to 6.94 g Mg in 100 mL of dry diethyl ether. Reflux at 34°C for 2 h. (ii) The diethyl ether was removed and 28.0 g of methyl 4-(chloro-formyl) butyrate in 100 mL of dry benzene was added to the Grignard solution from step a and 27.5 g of CdCl 2 in 350 mL of dry benzene. Reflux at 78°C for 1 h. (iii) NaBH 4 , NaH 2 PO 4 and 5-keto-methyl palmitate each at 1 M concentration were dissolved in dry methanol. The mixture was stirred at 0°C for 15 min and at ambient temperature for 1 h. (iv) 5-hydroxy-methyl palmitate and 0.5 M tosyl chloride each at 0.5 M concentration were dissolved in dry CH 2 Cl 2 with 0.025 M 4-(dimethylamino)pyridine. The mixture was cooled and held at 0°C, dry pyridine was added dropwise Ͼ40 min to reach a final concentration 0.5 M, and then the mixture was stirred at 0°C for 2 h. (v) 0.05 M 5-O-tosyl-methyl palmitate and 0.1 M tetrabutylammonium fluoride in dry CH 3 CN were stirred at ambient temperature for 96 h. (vi) 5-F-methyl palmitate and KOH powder were each added into dry methanol at 0°C to reach a final concentration of 0.1 M of each reagent. The mixture was stirred at 0°C for 2 h. Sample Preparation. HFPmn and HFPmn_mut were synthesized manually by using Fmoc chemistry. HFPtr was synthesized by using a Cys cross-linking reaction between monomer and dimer building blocks (6) . In Table 1 , the residues that are C-terminal of Ser-23 are nonnative and act as 280 nm chromophores for HFP quantitation (W), improve aqueous solubility (K), or are used for cross-linking (K and C). The line between K and C denotes a peptide bond between the Cys carbonyl and the Lys -NH and a line between two Cs denotes a disulfide bond. All peptides were purified by using reverse-phase HPLC with a H 2 O-CH 3 CN gradient containing 0.1% TFA and identified with MALDI-TOF mass spectrometry. Membrane preparation began with dissolution in chloroform of a mixture of 16 mol DTPC, 4 mol DTPG, 2 mol 16-19 F-DPPC (purchased from Avanti Polar Lipids) or 5-19 F-DPPC, and 10 mol cholesterol. The chloroform was removed under a stream of nitrogen followed by overnight vacuum pumping. The lipid film was suspended in 2 mL of 5 mM N-(2-hydroxy-ethyl)piperazine-NЈ-2-ethanesulfonic acid (Hepes) buffer with pH ϭ 7.0 and 0.01% NaN 3 and homogenized with 10 freeze-thaw cycles. Large unilamellar vesicles were formed by extrusion through a polycarbonate filter with 100-nm diameter pores (Avestin). HFPmn or HFPmn_mut (0.8 mol) or HFPtr (0.27 mol) (as determined by using 280 ϭ 5700 cm Ϫ1 M Ϫ1 for HFPmn_mut and HFPmn or 280 ϭ 17100 cm Ϫ1 M Ϫ1 for HFPtr) was dissolved in 2 mL of Hepes buffer, and the HFP and vesicle solutions were then gently vortexed together overnight. The mixture was ultracentrifuged at Ϸ150,000 ϫ g for 5 h. The membrane pellet with associated bound HFP was transferred to a 4-mm diameter NMR rotor. Unbound HFP does not pellet under similar conditions (7) . Solid-State NMR Spectroscopy. Experiments were conducted on a 9.4 T solid-state NMR spectrometer (Varian Infinity Plus) with a quadruple-resonance magic angle spinning (MAS) probe equipped for 4-mm diameter rotors and tuned to 1 H, 13 C, 31 P, and 19 F nuclei. The 13 C shifts were externally referenced to the methylene resonance of adamantane at 40.5 ppm. The REDOR experiments were done by using a pulse sequence in which the dephasing period had one 13 C pulse per rotor cycle for the S 0 and S 1 acquisitions and one 31 P or 19 F pulse per rotor cycle for the S 1 acquisition (8) . The dephasing period of the S 0 acquisition did not contain the 31 P or 19 F pulses. Experimental parameters included: 8.0 kHz MAS frequency; 50 kHz 1 H /2 pulse; 50 kHz 1 H and 55-66 kHz ramped 13 C fields during 1-ms cross polarization; 50 kHz 13 C and 50 kHz 31 P or 33 kHz 19 F pulses during the dephasing period; 95 kHz 1 H decoupling during the dephasing and acquisition periods; and 1-s recycle delay. Most of the setup of the NMR experiments was the same as described in earlier studies and included calibration of the 1 H, 13 C, and 31 P rf fields (6, 8) . Nitrogen gas cooled to Ϫ50°C was flowed over the sample to enhance signal-to-noise but this sample cooling does not affect HFP conformation (9) . There is also no phase transition of the cholesterol-rich membranes between ambient and low temperature (10) .
After acquisition of the REDOR NMR data, a 1 ppm region around the peak chemical shift of each S 0 and S 1 spectrum was integrated, and the integration values were denoted as S 0 exp and S 1 exp . The experimental normalized dephasing (⌬S/ S 0 ) exp ϭ (S 0 exp Ϫ S 1 exp )/S 0 exp . Scheme 1. Synthesis of 5-19 F-palmitic acid.
The 13 CO- 19 F experiments were validated by using a lyophilized sample containing helical peptide F whose sequence EQLLKALEFLLKELLEKL was modified by substitution of Phe-9 with p-fluorophenylalanine (11) . A 13 CO label was placed at Leu-10 and the REDOR-determined 13 CO-19 F distance was 7.8 Å and correlated with the 7.1-Å distance between the Leu-10 carbonyl carbon and the Phe-9 aromatic C4 carbon in the crystal structure of nonfluorinated peptide F.
Effect of mol Fraction Fluorinated Lipid on (⌬S/S0) exp .
A 100% 16-19 F-DPPC lipid sample forms a nonbilayer structure (12) . To maintain bilayer structure in the NMR samples, the membrane composition was 16 mol DTPC, 4 mol DTPG, 10 mol cholesterol, and 2 mol 19 F-DPPC. This 0.09 lipid mol fraction of 19 F-DPPC was initially determined with measurements on a series of samples which differed in their mol fraction of 5-19 F-DPPC (Fig. S1 ). The choice of 0.09 mol fraction 19 F-DPPC for subsequent samples was based on: (i) maximum 13 CO-19 F (⌬S/S 0 ) exp ; and (ii) relatively constant (⌬S/S 0 ) exp over the 0.07-0.14 mol fraction range. Static 31 P NMR spectra were consistent with overall bilayer structure in samples containing 0.09 mol fraction 5-19 F-DPPC and HFPs (13) .
Calculation of (⌬S/S0) lab . Removal of the natural abundance 13 CO contribution to (⌬S/S 0 ) exp resulted in (⌬S/S 0 ) lab which reflected the labeled 13 CO contribution to the experimental data. The experimental 13 CO signals have three contributions: (1) labeled 13 COs; (2) natural abundance HFP 13 COs; and (3) natural abundance 13 COs of the 19 F-DPPC lipid. In each sample, the labeled S 0 13 CO contribution is assigned a value of 1, the fractional 13 C natural abundance is 0.011, the ratio of unlabeled to labeled HFP residues is Ϸ29, and the 19 F-DPPC:HFP strand mol ratio is Ϸ2.5 with two COs per 19 F-DPPC.
Calculation of the g na (HFP) and g na (DPPC) are discussed in the next paragraph. Algebraic manipulation of Eqs. S1-S3 yields:
The g na (HFP) for each construct, dephasing time , and lipid nucleus type, i.e., 31 P, 16-19 F, or 5-19 F, was approximated as the average of the (S 1 /S 0 ) exp of all samples with these same parameters. This approximation considers that the HFP 13 COs contribute Ϸ96% of the S 0 signal (Eq. S1) and assumes that the distribution of membrane locations of the labeled 13 CO sites is reflective of the average membrane location of the HFP. The g na (DPPC) for each and lipid nucleus type was approximated as the (S 1 /S 0 ) sim value of a single 13 CO-31 P or 13 CO-19 F spin pair with details of the (S 1 /S 0 ) sim calculations given in the next section. The (S 1 /S 0 ) sim depends on internuclear distance and the 13 CO-31 P distance was set to 5.6 Å which is the experimentally derived average (lipid 13 CO)-31 P distance in a sample containing DPPC lipid and unlabeled HFPmn (8) . The 13 CO-(16-19 F) and 13 CO-(5-19 F) distances were 5.6 Å and 15.2 Å, respectively, and were derived from a computational structure of gel phase DPPC (14) . The g na (HFP) and g na (DPPC) are presented in Table S2 and Table S3 .
Fitting of (⌬S/S0) lab . For samples with significant nonzero (⌬S/S 0 ) lab , fitting was done with a model of two types of 13 CO-31 P or 13 CO-19 F spin pairs. One type had fractional population f and the other had population 1 Ϫ f. The magnitude of dipolar coupling d was fitted for the f population and was set to 0 for the 1 Ϫ f population. The 1 Ϫ f population was included because many of the samples had (⌬S/S 0 ) lab Ͻ 1 at large . The (⌬S/S 0 ) lab were compared with:
using:
where J k is the kth order Bessel function of the first kind, each i corresponds to a particular value of , T is the number of REDOR data points, and lab is the uncertainty of (⌬S/S 0 ) lab (15) . The fitting parameters in Eq. S7 are d and f. Using Eq. S5, the lab is calculated from exp , the uncertainty in (⌬S/S 0 ) exp :
where S0 and S1 were the experimental root-mean-square deviations of integrated intensities Ͼ1 ppm in 12 different noise regions in the S 0 and S 1 spectra (16) . The parameter d in Hz can be converted to the internuclear distance r in Å of a single 13 CO-31 P or 13 Example plots of (⌬S/S 0 ) lab and best-fit (⌬S/S 0 ) sim vs. are shown in Fig. S2 and best-fit parameters are given in Table S4 . Fig. S3 shows 13 CO-31 P spectra for a sample containing HFPmn-A21 and 13 CO-(5-19 F) spectra for a sample containing HFPmn-L9. The large (⌬S/S 0 ) exp in Fig. S3a indicates that the C terminus of HFPmn has close contact with 31 P. This conclusion was further supported by fitting of (⌬S/S 0 ) lab to (⌬S/S 0 ) sim , Fig. S4 , and may be due to Arg-22 and lysine side chains which have positive charges and which are attracted to the negatively charged phosphate groups. The full width at half maximum for the HFPmn-A21 13 CO signal is Ϸ8 ppm, whereas the typical linewidth for residues in the Ala-1 to Ala-14 region is 3-5 ppm (Fig. 1 ) which probably means that the C-terminal region of HFP is less structured than the N-terminal region. In Fig. S3b , the 13 CO-(5-19 F) (⌬S/S 0 ) exp Ϸ 0.3 and should be compared with Fig. 2 , which shows that for another sample containing HFPmn-L9, (⌬S/S 0 ) exp Ϸ 0 for the 13 CO-31 P and 13 CO-(16-19 F) data. Together with the spectra and dephasing curves shown in Fig. 5 , the data support insertion of HFPmn into a single membrane leaflet (Fig. 3B ). . Plots of (⌬S/S0) lab (black squares with error bars) and best-fit (⌬S/S0) sim (red circles) vs. dephasing time for the (a) 13 CO-31 P data of the sample and the (b) 13 CO-(5-19 F) data of the HFPmn-A6 sample. The 2 min for the best-fits were (a) 0.7 and (b) 0.5. Fig. S3. (a) 13 CO-31 P S0 and S1 spectra of a sample containing HFPmn-A21 and (b) 13 CO-(5-19 F) spectra of a sample containing HFPmn-L9. The dephasing time was (a) 32 ms or (b) 24 ms. All spectra were processed with 200 Hz Gaussian line broadening and polynomial baseline correction. Each spectrum was the sum of (a) 50,000 or (b) 20,000 scans. Fig. S4 . 13 CO-31 P REDOR data and fitting for HFPmn-A21. For each , the (⌬S/S 0 ) lab are represented by black squares with error bars and best-fit (⌬S/S 0 ) sim are represented by red circles. The best-fit r, f, and 2 were 6.9 (2) Å, 0.98 (4), and 3.0, respectively. 13 CO-31 P values were based on the (S1/S0) exp of samples labeled at Ala1, Ile4, Ala6, Leu9, Leu12, or Ala14, and for HFPmn_mut and HFPmn, Ala21. The 13 CO- (16) (17) (18) (19) F) values were based on samples labeled at Ala1, Ile4, Ala6, Leu9, Leu12, or Ala14 and the 13 CO-(5-19 F) values were based on samples labeled at Ala1, Ala6, or Leu9. † The maximum for 13 F experiments was 24 ms. 
